The preparation of superparamagnetic thin fibers by electrospinning dispersions of nanosized magnetite (Fe 3 O 4 , SPIO/USPIO) in a PMMA/PEO polymer solution is reported. The saturation magnetization and ). AC susceptibility measurements vs. temperature at frequencies from 60 to 2 kHz confirmed superparamagnetism. The mechanical properties were only slightly dependent on the particle concentration because the nanoparticles were separately encapsulated by the polymer. A uniform fibre fracture cross section was found at all the investigated particle contents, which suggests a strong interaction at the polymer/particle interface. A theoretical value of the magnetic low field susceptibility was calculated from the Langevin function and compared with measured values. The results show a distinct but concentration-independent anisotropy, favoring magnetization along the fiber orientation with no sign of exchange interaction, explained by complete nanoparticle separation.
Introduction
Applications for superparamagnetic magnetite include contrast agents for Magnetic Resonance Imaging (MRI) or arsenic remediation of drinking water. [1] [2] [3] Other proposed applications for magnetic bre materials include lters with adjustable particle size discrimination, remotely actuated/operated cell growth templates or mechanical actuators e.g. loudspeaker membranes or magnetorheological liquids. 4, 5 Many of these applications need very so magnetic characteristics. This is generally realised with superparamagnetic iron oxide (SPIO) or ultra-small superparamagnetic iron oxide (USPIO) particles. These particles may indeed be superparamagnetic, but supporting magnetic data are seldom reported. Instead, a common approach is to state that the particle size is smaller than a critical size and indirectly claim superparamagnetism. The critical size is the upper limit for an individual particle to be superparamagnetic, and can in theory be calculated from data on the magnetic material. 6, 7 For magnetite at room temperature this size is ca. 30 nm. 6 However, the shape of the particles, exchange interaction due to very small particle-particle distances and altered magnetic properties due to their morphology, such as surface anisotropy, can prevent the material from being truly superparamagnetic. 8 It must also be remembered that the transition between superparamagnetism and ferromagnetism is very sharp. 7 Particles only marginally larger than the critical size will not be superparamagnetic, creating a ferro/ferrimagnetic contribution, whereas an entirely superparamagnetic sample will show both a vanishing remanence (half height of hysteresis loop at zero eld) and coercivity (half width of hysteresis loop at zero magnetization), according to Neél's denition. 9, 10 The absence of coercivity will constitute a conservative conrmation of the absence of a ferromagnetic contribution, in contrast to e.g. the determination of the blocking temperature that only detects the presence of a superparamagnetic contribution.
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This situation can lead to incorrect conclusions.
The objective of this work is to show that it is quite possible to integrate superparamagnetic nanoparticles into mats of electrospun bres where neither the magnetic functionality nor the mechanical properties have been compromised. The large elongation forces developed during the bre stretching avoid problems concerned with traditional preparation methods such as melt processing or solvent casting. 12 Another benet is that the composite material is "locked", i.e. solidied on a timescale of the order of milliseconds, effectively eliminating aggregation. 13 The chosen magnetic material was nanosized magnetite particles (Fe 3 O 4 ), which is renowned for its good saturation magnetization (ca. 90 A m 2 kg À1 in bulk at ambient conditions) and non-toxicity. 14 The ca. 10 nm sized particles were prepared using the 'rapid mixing' method, which resulted in a uniform particle size, high saturation magnetization and very low coercivity, all characteristics of superparamagnetism.
15
The measured coercivity of the bers was less than 20 A m À1 (only ca. half of the earth's magnetic eld), which is smaller than previously reported. 16, 17 The bres were spun onto a rotating drum, which aligned the bres parallel to its circumference, i.e. for the proper assessment of the mechanical and magnetic properties along and perpendicular to the bre direction.
18 This made it possible to assess the mechanical properties of the bres and to shed light on the particle distribution/ organization, enabling a quantitative correlation between magnetic anisotropy and bre orientation. The aligned bres with dispersed magnetic nanoparticles may serve as a model system for superparamagnetically functionalized composite bres, where both the mechanical and the magnetic aspects have been addressed. Previously, only two articles have reported the numerical value for the magnetic coercivity aer electrospinning.
16,17

Materials and methods
Materials
For the superparamagnetic nanoparticle (SPIO) synthesis, iron(II) chloride tetrahydrate (FeCl 2 $4H 2 O, $98.0%, Fluka) and iron(III) chloride hexahydrate (FeCl 3 $6H 2 O, 97% ACS reagent, Sigma-Aldrich) were used. An aqueous solution of 2 M ammonium hydroxide (Alfa Aesar) was used as precipitating agent. The polymers used were polymethyl-methacrylate (PMMA) with a M w of 410 kDa (Alfa Aesar) and polyethylene oxide (PEO) with a M w of 600 kDa (Acros Organics), both in powder form. Dimethylformamide (DMF) (99.8%, BDH Prolabo) was used as the electrospinning solvent.
Synthesis of magnetite nanoparticles
The SPIO particles were prepared by aqueous co-precipitation in which a 'rapid mixing' of the reactants occurred in the timeframe of milliseconds.
15 Briey, two solutions loaded in two separate syringes were simultaneously injected as converging jets into a single 0.5 mm thin tube. The two syringes contained the ammonia and the iron ion solution (the Fe 3+ to Fe 2+ concentration ratio was 2 : 1 according to the stoichiometry in Fe 3 O 4 ), and this resulted in a stable colloidal suspension of superparamagnetic magnetite nanoparticles. 19 The particles were washed three times with highly puried type 1 water (18.2 MU cm) according to ASTM D1193. Prior to mixing with the polymer solution, a solvent exchange into DMF was performed (3 times centrifugation followed by replacement with DMF and re-dispersion).
Preparation of the bre solutions
The solutions to be electrospun were prepared by mixing the superparamagnetic particles suspended in DMF with the polymers. The nominal quantities of nanoparticles (SPIO), PMMA, PEO and solvent (DMF) for a total amount of ca. 10 mL spinning solution are listed in Table 1 .
The ratio of PMMA to PEO was 75/25 by weight for all the bres prepared, since this proportion improves the PMMA bre toughness. 20, 21 The solvent content was adjusted to yield a constant polymer concentration of 10 wt%. The components of the bre solutions were added to a vial and gently stirred at room temperature for 24 hours. The suspensions were then heated to 70 C and kept at this temperature under constant stirring for one hour before spinning.
Electrospinning and collection of bre mats
The solutions were continuously fed from a 5 mL polypropylene syringe at a rate of 20 mL min À1 , via a PTFE tube, to an 18-gauge needle with a at tip. The needle tip was positioned 220 mm vertically above the collector. The electric potential applied between the needle and the collector was 10 kV during the electrospinning. Two different collectors were used: a stationary aluminium plate and a rotating aluminium drum 50 mm in diameter for the preparation of respectively randomly deposited and aligned bre mats, see Fig. 1 . The aligned bre mats were obtained by depositing the electrospun bres on the aluminium drum rotating at 2000 rpm.
Characterization techniques
Scanning electron microscopy (SEM) observations were made in a Hitachi S-4800 cold-eld-emission scanning electron microscope. A ca. 8 nm coating of platinum-palladium was sputtered onto the surface of the samples (40 s at 80 mA) in a Cressington 208HR high-resolution sputter. Transmission electron microscope (TEM) micrographs were acquired in a Hitachi HT-7700 high-resolution microscope operated at 100 kV. For the nanoparticle analysis, drops of a dilute aqueous nanoparticle suspension were dried over the carbon-coated grid (200 mesh formvar-carbon, Ted Pella, USA). The samples for TEM were directly electrospun over the carbon-coated copper grid. The wide-angle X-ray diffraction (WAXS) measurements were performed using a PANalytical X'Pert Pro diffractometer. The samples were scanned at room temperature in a Bragg-Brentano geometry, using Cu Ka radiation (l ¼ 154 pm). The data was collected over a range of scattering angles 2q: .
Thermo-gravimetric analysis (TGA) was conducted using a Mettler Toledo TGA/DSC 1 with 70 mL Al 2 O 3 crucibles containing ca. 10 mg of material. The heating rate was 10 C min À1 until a maximum temperature of 550 C and with a nitrogen gas ow of 10 mL min
À1
. The tensile measurements were carried out on the aligned bre mats in the direction of the bre axis in accordance with a previously reported technique. 18 The sample size was 10 by 5 mm 2 and the measurements were made at a strain rate of 0.5 mm min À1 (10% of sample length per minute). The stress values were calculated by dividing the measured force by the cross sectional area of the bre mat. This cross-sectional area was calculated from the mass per unit area of the electrospun bre mat and the density of the bre material determined by the rule of mixtures. In order to prevent damage to the bre mat before testing, the bres were xed to an aluminium template using alkoxy-ethyl-cyanoacrylate (Loctite 460, Henkel AG & Co. KGaA, Germany) prior to being clamped in the tensile tester.
Magnetic characterization
A vibrating sample magnetometer (VSM), (EG&G Princeton Applied Research model 155), was used for acquiring hysteresis loops between AE500 kA m À1 . In order to obtain the parallel and perpendicular magnetic responses of the aligned electrospun superparamagnetic bres, the bres were collected onto a thin polyethylene lm which was attached to the surface of the drum prior to spinning. This allowed rectangular pieces to be cut and rolled into small tubes (10 by 2 mm 2 ). Depending on the rolling direction relative to the bre orientation, the bres could be oriented parallel to or perpendicular to the tube axis, which was kept parallel to the magnetic eld. Aer magnetic characterization, the samples were analysed by thermogravimetry so that the correct amount of magnetic material could be assessed.
Results and discussion
Superparamagnetic ber fabrication Fig. 1a and b show transmission electron micrographs of the superparamagnetic particles prior to the electrospinning. The particles were highly crystalline nanosized magnetite determined from their fringe patterns crossing the entire particles (HRTEM, Fig. 1b ). The volume averaged particle diameter was 8 AE 2 nm, determined from manual measurements of more than 500 particles in TEM (histogram available in ESI Fig. S1 †), and the X-ray diffraction spectra was identied as magnetite spinel phase structure (JCPDS 19-629), Fig. 1e . Fig. 1d shows that a high loading of these magnetite nanoparticles (20 wt%) resulted in a somewhat corrugated ber surface, whereas unloaded bers show smooth bers, see Fig. 1c . However, the overall formation of these 1-2 mm thick and uniform electrospun bers was not signicantly affected by the incorporation of the magnetite particles. This was achieved as a result of a successful solvent exchange of the aqueous phase used for the preparation of the magnetite particles into DMF, which is miscible with water and served as an optimal carrier for the magnetite and dissolved PMMA phase during the electrospinning. In fact, all the samples with magnetite contents varying from 1 to 20 wt% could be spun into uniform bers and aligned as unidirectional ber mats. The wide-angle X-ray spectroscopy (WAXS) data for the composite bre mats conrmed that the nanoparticles inside the bres remained in their non-oxidized magnetite phase, see Fig. 1e . The peaks were from the (220), (311), (400), (422), (511) and (440) magnetite crystalline planes. The small peaks at 2q: 19 and 23 ( Fig. 1e) were due to polyethylene oxide (PEO) crystals, indicating that some phase separation occurred in all the samples. Previously, this phase separation was demonstrated to facilitate bre necking under a tensile load, which signicantly improved the fracture toughness. 21 In the 20 wt% sample, these two peaks are much smaller, suggesting that the magnetite prevented the PMMA/PEO phase separation and/or induced a structure with much smaller PEO crystals. This mechanism resembles a previously demonstrated effect that silica nanoparticles restrict PEO crystal nucleation and growth when the particle content approaches 20 wt%. 22 The specic surface area of the magnetite nanoparticles in this work was ca. 120 m 2 g
À1
. This large value is consistent with the previous suggestion that the particles restrict the formation of PEO crystals.
Particle distribution within the electrospun bres
The SEM micrographs of the differently particle-loaded bres (Fig. 2, le column) show that the polymer entirely encapsulated the nanoparticles during electrospinning. These micrographs use low energy secondary electrons to create the images and thus show images of the surface topology with little penetration depth. Fig. 2 , right column, shows micrographs of the same imaged areas acquired using backscattered electrons, which have almost the same energy as the incident electron beam, but penetrate much deeper, and the scattered intensity is roughly proportional to the atomic number of the constituent elements in the sample. 23 The iron (i.e. magnetite) in the sample is therefore clearly shown even if it is buried in the interior of the bres. A signicant number of the particles were present as clusters with an average size of 100 nm. Larger ca. 1 mm clusters were only apparent in the 20 wt% bres. A higher magnication of one of the larger clusters ( Fig. 2h and j) shows that these larger entities were also well encapsulated loose agglomerates.
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The wetting of the particles appeared to be good, as indicated by the absence of any delamination of the particle/polymer interface during mechanical testing (see the Mechanical section). A general characteristic with the higher ller contents was that the larger clusters oen protruded from the cylindrical shape of the bres, Fig. 2h and j. The bre diameter depended on the particle content ( Fig. 2i and ESI Fig. S2 †) , and showed at rst a steep increase from 1.2 mm for unloaded bres to 2 mm for the 1 wt% particle content. This was followed by a gradual decrease in diameter to ca. 1 mm with increasing particle content (10 and 20 wt%). It is suggested that the diameter increase from 0 to 1 wt% is due to a signicantly stronger electric eld. This can be explained by considering that the unloaded polymer liquid is an excellent electric insulator so that even a minute fraction of conductive elements from particle inclusions (or an imperfect washing/solvent exchange) can give rise to a higher conductivity. In this situation, with a conducting jet, the voltage acts over a shorter distance leading to a stronger eld (between the spinneret and the collector).
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The decrease in bre diameter with higher particle contents (above 1 wt%) is explained by an increase in the zero-shear viscosity of the polymer solution prior to spinning due to the higher ller content. This is in agreement with previously reported observations of the size with increasing particle contents in electrospun cellulose-lled PMMA nanobres.
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This inherent phenomenon is useful when preparing ultimately thin electrospun bres with high inorganic ller contents, since it facilitates rapid evaporation of the liquid phase and thereby prevents the fusion of the bres visible in Fig. 2c and d. Fig. 2k and l show the exible polymer bre mats with the macroscopically evenly distributed Fe 3 O 4 phase (20 wt%) and its response to a magnetic eld applied by a strong permanent magnet.
Thermal stabilities of magnetic bres C were attributed to the two constituents of the polymer blend. This is consistent with the integrated DTGA areas of these two peaks, which correspond to the polymer composition, i.e. 75 wt% PMMA and 25 wt% PEO. Fig. 3c shows a 20 C increase in thermal stability with increasing inorganic content, a common phenomenon seen in nanocomposites due to surface passivation during the degradation process. 27, 28 The passivation mechanism is in this case suggested to be due to the accumulation of inorganic ller at the surface of the molten sample when the initial evaporation of the matrix occurs, i.e. when the primary PEO degradation occurs (at the rst peak in the DTGA) a layer/crust of inorganic material is formed on the surface, which retards the PMMA degradation.
Mechanical characterization
Strain-stress curves of all the materials studied are plotted in Fig. 4a , together with that of a brittle PMMA sample for comparison. The addition of 25 wt% PEO to the PMMA resulted in a dramatic increase (ca. 1500%) in the total work required to fracture the bres, which made the mechanical properties of the composites directly dependent of the ller content. The fracture energy required to break the pristine PMMA bres was 0.13 MJ m À3 compared to 2.14 MJ m À3 with 25% PEO. The addition of 10 wt% magnetite particles led to an increase in tensile strength (+41%) and in Young's modulus (+33%), but a decrease in the elongation at break (À41%), see Table 2 . The toughness did not however change signicantly, since the increase in strength compensated for the decreased in elongation at break. This reinforcement effect is due purely to the addition of the stronger and stiffer magnetite particles. A further addition of particles up to 20 wt% gave an elongation at break and modulus similar to the values achieved with 10 wt%, but with a lower strength (À31%) and lower toughness (À32%), suggesting that the particle dispersion or matrix adhesion was not as good with 20 wt% as with 10 wt%, also indicated by the large protrusions seen in Fig. 2g , h and j. The 1 wt% bres had the lowest strength and modulus, see Table 2 . This is explained by the slight fusing phenomenon seen in Fig. 2c and d, since the bres are not completely solidied during collection. Overall, it was apparent that the addition of PEO to PMMA maintains large amounts of magnetite in the electrospun bres while giving mechanical properties superior to those of the pristine PMMA. It is suggested that this is due to a strong interaction in the particle/matrix interface, suppressing the formation of voids/ delamination, see Fig. 4b -d, which have previously been reported to occur in electrospun bres and nanocomposites.
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The decrease in elongation at break with higher particle loading is interpreted as being due to different abilities of the bres to allow bre necking to occur, see Fig. 4b which shows the necking in the case of the pristine polymer blend. This necking phenomenon is gradually restricted with increasing particle content, see Fig. 4c and d.
Magnetic characterization
In order to determine the magnetization -the magnetic moment per weight of the magnetic material, which is an intrinsic property making a comparison meaningful -the weight of the magnetic fraction is required. The nominal bre compositions are given in Table 1 , but, since the solvent exchange process and further mixing may lead to a loss of some material, the results of the TGA experiments have been used to assess the inorganic (i.e. magnetite) content with greater condence. The TGA measurements were conducted aer the magnetic characterization on the same samples, thereby eliminating possible quantitative errors. The magnetic responses were characterized by being 'Langevinlike' with very small coercivity, which is oen regarded as the signature of superparamagnetism, see Fig. 5 . The concept of superparamagnetism, originally introduced by Neél and Brown, has as a prerequisite a vanishing coercivity when the a Strength: maximum stress for the sample, modulus: calculated from the initial slope, elongation: value when stress reaches zero or when sample fractures, toughness: calculated from the total area under the stress-strain curve.
particle size is below the critical material-dependent value.
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The idea is that thermal agitation, i.e. the ambient temperature, is sufficient to continuously alter the direction of magnetization of the magnetic entities. 9,10 Therefore it is not strictly justiable to claim superparamagnetism if a nite coercivity has been detected. Since it is in principle not possible to rule out an arbitrary small coercivity, the serious approach is to report an experimentally determined low value for the coercivity.
Even so, a proof of superparamagnetism should also involve both time and temperature. One approach is the zeroeld-cooled/eld-cooled magnetization measurement, which determines the temperature (so called 'blocking temperature') where a randomly oriented but ferromagnetic material align with a (weak) external eld upon heating due to that it becomes superparamagnetic. Prior to this magnetization vs. temperature measurement, the sample has been cooled without eld, which in case of a superparamagnetic material render the sample, e.g. a collection of non-interacting particles magnetized in random directions, an average equal to zero. An extrapolation of this idea is to measure in-and out-of-phase AC susceptibility vs. temperature at different frequencies. When the material undergoes a transition from the ferro-/ferrito the superparamagnetic state, a peak in both the in-and out-of-phase susceptibility is expected. The temperature at which the in-phase peaks is usually regarded as the blocking temperature, although the out-of-phase peak is oen more distinct. 31 This temperature is dependent on measurement time, which in case of AC susceptometry translates into reciprocal frequency. Higher frequency means a higher blocking temperature.
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In Fig. 6 we show an AC susceptibility measurement vs. temperature from 100 to 300 K at 4 frequencies (60-2 kHz), where the peak is shied to higher temperature with increasing frequency (see ESI Fig. S3 †) . However, these approaches cannot rule out ferro-/ferrimagnetic impurities, whereas a test for coercivity is very sensitive for the detection of those and a low value ensures a small fraction. To make this reasoning more quantitative, the coercivity can be related to the eld required to reach saturation. We suggest that a useful criterion is that the coercivity should be no greater than 1/1000 of the eld required to reach 90% of the saturation magnetization. This eld is commonly referred to as H 90 , and is also the point where the susceptibility has decreased to exactly 3% of its zero eld value. 33, 34 Hence, by this practice a material is only superparamagnetic if the coercivity is less than H 90 /1000. However, in a plot showing AE90% of the magnetization, the two traces for increasing and decreasing eld strengths will be indistinguishable at any meaningful line width.
To show the coercivity, a magnication of at least 100 is needed. This will help to make meaningful comparisons between reported data and eliminate those that are not entirely superparamagnetic.
In the present case the coercivity was ca. 20 A m À1 regardless of bre orientation and magnetic content (below the 1/1000 coercivity criterion), see Fig. 5c . This value is very small, only about half of earths' eld, and to our knowledge lower than any previously reported value. An important implication of this observation of a very minute coercivity is that 'exchange interaction' due to very close particle-particle distances is not effective since this would promote ferromagnetism and break the superparamagnetic behaviour. This in turn means that all individual nanoparticles are separated from each other by a distance of at least ca. 0.1-0.2 nm. In our polymer-based composite, the reasoning is that the polymer has encapsulated essentially all the particles, due to a strong adhesion at the polymer-particle interface visible in the fracture surfaces. The magnetization was also very similar for the different magnetite concentrations and different bre orientations. At the maximum probed eld of AE500 kA m À1 , where the magnetization versus eld response still has a considerable slope, the magnetization reached 64 A m 2 kg
À1
, implying that the true saturation magnetization was distinctively higher. This result, that both the saturation magnetization (per weight of magnetic material) and the coercivity are independent of particle concentration and bre orientation, is consistent with the view that the samples behave as ensembles of non-interacting superparamagnetic particles.
The mats were however distinctively easier to magnetize along the bre axis rather than perpendicular to it, i.e. the mats showed a pronounced directional anisotropy of the susceptibility but without concentration dependence, see Fig. 5b . The susceptibility, which is the slope of the hysteresis loop at the origin, can also be derived theoretically, and the measured data can be compared with the theoretical. Paul Langevin, who rst derived the dependence of the magnetization of non-interacting (super)paramagnetic entities on a magnetic eld arrived at this expression over a hundred years ago:
where a is given by:
which at low elds converges to:
where M and M sat are respectively the magnetization and saturation magnetization, m 0 is the permeability of vacuum (4p Â 10 À7 kg m C À2 ), m is the magnetic moment of a single particle (m ¼ M sat V where V is the particle volume), H is the magnetic eld, k B is the Boltzmann constant and T is the absolute temperature. 34 This in turn means that the slope, i.e. susceptibility c, of the plot of M versus H is equal to:
With M sat ¼ 70 A m 2 kg À1 (from measured rather than literature data), the density of magnetite 5200 kg m À3 , the intrinsic susceptibility for cuboid particles with ca. 10 nm side length (from TEM micrographs) at room temperature (293 K) is c ¼ 14. According to magnetostatic theory, the measured susceptibility is always less than the intrinsic susceptibility due to a demagnetizing effect of the geometry and the orientation of the magnetic entities. In general, this demagnetizing effect is low in slender geometries magnetized along their long axis.
7
Our samples were cylinder-shaped rolls of thin sheets oriented with their symmetry axis parallel to the magnetic eld in the VSM, and this means that the magnetic eld was always applied in the sheet planes, which has a very small demagnetizing effect. Therefore, the anisotropy was due only to whether the eld was applied parallel to or perpendicular to the bre axis.
The measured values were c ¼ 12-13 for the parallel and c ¼ 8 for the perpendicular orientation with little or negligible dependence on the total particle concentration, Table 3 . Therefore, we conclude that the magnetic material was arranged in elongated geometries with the long axis parallel to the bre axis. The overall particle concentration had little effect on this anisotropy, suggesting that the size and shape of these elongated entities were independent of the particle concentration. This universal concentration independence means that it is probable that these entities existed already before the spinning event. This explanation for the anisotropy of susceptibility in combination with the absence of any sign of exchange interaction implies:
(1) That the particles were separated from each other by at least a thin ca. 0.1-0.2 nm polymer layer so that exchange interaction is ineffective, and (2) that the magnetic material appeared in elongated geometries with their long axis preferentially aligned along the bre axis. Neither the orientation nor the size and shape were dependent on the total particle concentration.
Conclusions
Electrospun bre mats of PMMA/PEO blends have been prepared with up to 20 wt% nanosized magnetite. The composite bre mats showed no dependence on concentration or orientation of the magnetization or coercivity. Saturation magnetization was greater than 64 A m 2 kg À1 (normalized with respect to magnetite) and the coercivity was extremely low, ca. 20 A m À1 , consistent with superparamagnetism, which was further veried by AC susceptibility vs. temperature measurements at different frequencies. It is here suggested that a low measured coercivity (<1/1000) in relation to the eld needed to reach 90% of saturation should be a useful criterion of superparamagnetism. A vanishing coercivity conrms the absence of a ferromagnetic impurity. This is a more stringent criterion, in line with Neél's denition, than e.g. the determination of the blocking temperature or a reference to particle size. It also makes it possible to compare results from different workers. The directional dependence of the low eld susceptibility is explained by the magnetic material being geometrically aligned preferentially along the bre axis. This directional dependence is independent of the total magnetic concentration.
The absence of any sign of exchange interaction (i.e. ultralow coercivity) is explained by the individual particles being separated from each other by at least 0.1-0.2 nm, which suggests that the polymer encapsulate all the particles even if they appear in clusters.
The mechanical properties of the PMMA/PEO polymer material were essentially maintained with nanoparticle loading up to 20 wt%, which is presumably due to strong nanoparticle/ polymer interaction and the absence of voids and delamination, further supported by the absence of exchange interaction/ magnetic coercivity. Due to the good mechanical properties even at relatively high particle loadings, it is clear that the particle loading can be signicantly increased to give even stronger magnetic functionality.
